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mately 60 per cent of the evaporation loss occurs during 
the daytime, 8 a. m. to 8 ptm., and 40 per cent at  night. 
Comparative day and night evaporation records are given 
in Table 1. 

Variations in rate qf evaporation. --Evaporation records 
were obtained from selected locations on Gatun Lake, to 
determine the relative rates of evaporation from the o en 

covered margins. One floating pan was anchored well 
out in the open section of the lake. Another was located 
in the timber fringe bordering the south shore and a third 
was placed in the midst of a grassy marsh. The records 
were continued for sis m o i r t l i s  during the rainy season , 
with the I'oUou-ing results: 

sections of the lake and along the grass and tiin \ er 

Evaporation from open lake, 100 per cent. 
Evaporation from timber fringe, 73 per cent. 
Eva oration from grassy marsh, 75 per cent. 
The \ igher rate of enporation from the open sections 

The rate of eraporation Y r o i n  the protected margin of the 

of the lake is due, IirincipaUy, to the greater wind move- 
ment there, which tends to prevent the accumulation of 
a vapor blanket direct1 overlying the water surface 

lake varies, depending upon the degree of protection 
froni wind movement and c!irect solar radiation. 

Best espo~~~e.-Evaporatlon records from pans floating 
in lake or reservoir are considered about as accurate and 
representative as can be obtained under naturd condl- 
tions of e s  osure. They are thought to be more reliable 
than recor x s from pans esposed on the land surface, but 
care should be taken not to place t.he floating pan in a 
location too freely exposed to high winds and heavy 
wave action, or inaccurate records may he obtained, due 
to the splashing of water into or out of the pan. 

Dry-season evaporation records are considered niore 
accurate than the rainy-season records, as occasional 
heavy downpours in the rainy season may inipair the 
accuracy of the records, on account of an inequality in 
the catch of rainfall in the evaporation pan and in the 
rain gage. 

Monthly evaporation records at Canal Zone stations 
are . given _ _  - in Table 2, while figure 3 shows a view of a 

~ 

typical lake evaporation station. 

TABLE l.-Compnrathe value9 for day cnrd wiqh1.l 
- 

lsos ' 1909 ! 
I - - _. . .. - .__ . - __ .. - 

Month. I Ancon. I Bas Obispo. Cristobal. Ancon. Cristobal. 
____ 

January. . . . . . . . . . . . . . . 
February.. . . . . . .i 
March. .. . . . . . . . .I 5.566 

1 Readln taken at 8 a. m. and 8 p. m. daily. 
a 11 man% i m .  
Exposed &crete tank 11 feet in diameter at Bas Oblspo. Protected tanks 10inchev 

In dlametez at Ancon and krbtobal. 

1 Rerords from exposed concrete tank 124 lectin dlameter at Bas Oblspo. * rtstion clomrl. 
E ~ p o s d  pans 4 feet in diameter and 10 inches deep, floating in water at Rio Gmde, 

Brazos Brook. and Gatun Lake. 

EVAPOBATION COMPARED WITH V A P O B  PBESSWE DEFICIT 
A N D  WIND VELOCITY. 

13y EARL S. JOHNSTON, .4sswiate Plant Physiologist. 
[ h l o d :  Maryland Agiicultuml Experiment Station, College Park, Md., Jan. 31, 1919.1 

Atmospheric moisture plays an important r81e in the 
growth and behavior of plants and can not be over- 
hoked in physiological and ecological studies. Atmos- 
pheric moisture conditions have frequently been studied 
by nieans of atmometers and the rate at  which these 
instruments lose water has been taken as a measure of 
the evaporating power of the air.1 The rate of evapora- 
tion from these instruments as well as the rate of trans- 

iration from plants is freatly influenced by wind, 
!y the temperature of t e surface 81) dependent on 
ra.diant energy and air temperature, and by the amount 
of water vapor present in the atmosphere. Many at- 
tempts have been niade to show a relationship between 
these conditions and the amount of evaporation, but iiiost 
of the equations formulated are of little value in field 

I Objections h ~ v e  frequently been mnde to the expression "evaporating power of the 
air:' Strictly speaking. the air by its presence hinders the rate of evaporation. The 
term here used is da:ined by Dr. B. E. Idvingston. ".Umosph~ric evaponting power 
r&rs to the external surroundings of the evapmating surface (usnall to the air space 
ahova it, &b~: i t  it, etc.) m d  it need nJt spx?blly refer to the air Itsel[ for if there were 
no air prmnt this s p m ~  would still posscss an ewporottng power. The evaporating 
?we, of tha .rir over 3 surfwe is considwed as proportional to the reciprocal of the ten- 

ency of i l l  the cmtilions etTectiva in the spice ovor thst surfice to resist the vapori- 
zation of wJtar thdrefrom." Atmomotric units. Johns Hopkins Unlv. Cir March 
191i p. 160-170. (See especiallv ~ 1 6 1 . )  Other expressions such as "potentioibvapora! 
tion;# and "evaporativity" h a h  en suggested. 



M. W. R., January, 1919. 

FIG. 3.-Evapomtion station, Miraflores Lake. Copper pan, 4 feet in diameter and 10 
inches deep floating in the lake. The station is eqmpped with a rain gagc, and 
an anemometer (seen at the edge of the pan). 
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experiments where on1 a few simple instruments are 
used. Atmometer reaings can not be used directly 
when it is desired to study the nioisture conditions 
influencin evaporation independent of air circulation. 
Recently Eiviogston a has suggest,ed that for a study of 
such conditions the “indes of atmospheric evaporating 
power” should be equal to the Iroduct of the indes of 

I,= I ,  x IC. By nioisture condition is meant “that 
factor in atmospheric evaporating power that is inde- 
pendent of tlic rat.e of air circulatinn.” Such a condit.ion 
includes tlic air tenipern.ture and stnte of saturation of the 
space inimediat,ely surrounding the et-apomting surface. 
It is further assumed tl int  actual measurements have 
been properly weight.ed hefore applying them ns indices. 
A series of experiments was carried out to determine the 
approsiniate accuracy of this equation. The moisture 
condition measured b atmometers was compared with 

velocity measurements. 
k1easurement.s of wind vclocity and of evaporation 

from standardized white spherical porous-ciip atmomet.etu 
were made hourly on +ys represen.ting various combina- 
tions of wind ant1 moisture conditaions. Vapor prcssure 
deficits were calculated from readings of a h Turonicter 
and thermometer for these same hour period: These 
calculations were made by first deterniiniiig the dew- 
point for each reading from data given in psychronietric 
tables and t.lien subtracting the vapor pressure given 
for t;he dew- Ioint from the irinsimuni vapor pressure of 

deficit calcdated for any hour period was t,he average 
of the rn or pressure deficits derived from the readings 

tion is called to the ftict that the average vapor pressure 
deficit should not be cnlculat~ed from the average per- 
centage of relative humidity and t.he arera.ge temperature, 
since relative humidity and temperature do not always 
vary in a similitr manner. The atmometer and nnc- 
niometer were freely esposed to the air while the hy- 
grometer and thern?onieter were esposed withiti an in- 
strument shelter siinilur to those employed by the 
United States Weather Bureau. Data from tliesc 
instruments and the calculat-ed values are presented in 
Table I. 

Each espehment in Table I is designated hy tt c1at.e of 
the 5-ear 1918. The beginning and endin of each hour 

succeeding columns are given ajr temperature in degrees 
Fahrenheit, percenta.ge of relatiye h!imiclit I ,  vapor pres- 

per hour, piwduct of vapor pressure deficit and wind 
velocity, evaporation in cubic cent.imet,eis of water lost 
from an atmometer corrected t.0 the standard sphere and 
radiation espressed as the difference in the amounts of 
water lost from the black and white corn onents of a radio- 

is giren in the lust column. 

the moisture condition and t fi e indes of circulation: 

that calculated from t i? e vapor pressure deficit and wind- 

the air a t  t 1 ie given t.einpernture. The vapor-prossurc 

taken a t  t P ie beginning and cntling of the periods. Atten- 

period is given as clock time in the first co s limn. In the 

sure deficit in inches of niercuiy, wind r e  ?- ocity in miles 

atmometer.‘ The character of the sky ( P wing ench period 

2 Livingston B. E The n p o r  pressure deficit as an index of the molsture eonditlon 
of the air. Jokns €I&iins Univ. Cir., March 1917. p. 1iO-li5. 

8 Marvin, C. F., Psychrometric tables.for ohtahiig the vapor ressure.relative hu- 
midity, and temperature of the dewpoint. U. 8. Uept. Agric. keather Bureau No. 
235. 1910. 

4 Livingston B. E. Atmomtry and the porous cup atmometer. IV. Thr radio 
atmometer. ilant dorld 18:143-149. 1915. 

Date 
an4 

period. 

Rspt. 12: 
11-12 
l?- 1 
1- 2 
2- 3 
3- 4 
4- 5 

7- R 
!3-9 
9-10 

10-11 
11-l? 
12- 1 
1- 2 
2- 3 
3- 4 
4- 5 
5- ti 

10-11 
11-12 
12- 1 
1- 2 
2-3 
3- 4 
4- 5 

10-11 
11-12 
12- 1 
1- 2 
2- 3 
3- 4 
4- 5 

Aiw. 23: 
y-ia 

10-11 
11-12 
I?- 1 
1- 2 
2- 3 
3- I 
4- 5 

Sept. 25: 
9-1u 

10-11 
11-19 
12- I 
1- 2 
2- 9 
3- 4 
I- 5 

.4ug. 16 

AW. m: 

SQpt. 21: 

- 

Air 
em- 
ma- 
lm. 

- 
‘F. 

74 
i 6  
77 
7s 
17 
76 

66 
73 
78 
NJ 
82 
S? 
84 
s4 
R4 
s4 
84 

72 
74 
75 
77 
7s 
7s 
77 

5 c 8  
5 i  
R 
59 
8 
fa 
fa 

81 s4 
SIi 
87 
89 
S9 
SY 

.a 
I 
62 
05 
ti; 
8s 
ti8 
G!? 

”. 
1, 

_- 

TABLE I.--Calcu2afed and observed data. 

H U- 
midity 

Der et. 
04 
54 
52 
51 
5? 
5.. 

76 
G6 
4s 
37 
34 
33 
32 
32 
32 
33 
36 

.il 
46 
42 
38 
35 
34 
36 

52 
49 
47 
47 
48 
44 
4C 

B 
55 
51 
4s 
4: 
44 
43 
41 

s 
c 71 

5‘ 
4% 
41 
42 
4: 
4: 

- 

Tapor 
pres- 
sure 
eficit. 

n. HQ. 
0. m 
0.423 
0. 4GQ 
0.484 
0.451 
0.388 

O.lli2 
0.2% 
0.491 
0. R43 
0.712 

0.76.5 
0.765 
0.776 
0. Rti 

0.397 
0.4.51 
0.514 
0.571 
0.625 
0.612 
0. .XI!! 

0.91’1 
0 . 3 7  
0.254 
0.283 0.271 0.293 
o . ? s  
0.337 
0.453 
0.559 

0.70’1 
0.7w 
0. YM) 0.577 

0.115 
0.240 

0.374 
0.409 0.414 
0.396 

n. 740 
n. 765 

n. 640 

0. nrB 

n 314 

Wind 

ocity. 
re- 

fi. Lr. 9.7 
8.3 7.2 
6.2 8.9 
8.3 

1.6 3. li 
3.5 
5. 5 
5.9 
5.1 
5.0 
6. 
4. I 

4.1  
4.5 

2.6 
5.4 7.1 6.1 
6.2 
0.6 
5.0 

13. I 13.9 
18.8 14.3 10.2 
6. 7 9. Y 

5.1 
5.4 
6.8 0.4 7.3 
i. 9 

7.6 
1.5 
2.3 
4.6 9.1 

10.2 
9.3 
9. g 
8.1 

7. a 

’rod- 
st  of 
rapor 

leflrlt 
and 
In3 ve 
Iclty. 

E,: 

2.99 3.51 
3.37 
3.00 3.11 3. n 
0. ?G 1.01 1.72 
3.51 
4.20 3.77 
3. w2 
4. ti7 
3. fQ 3.18 3.31 
1. IN 2.44 3.65 3.48 
3.87 
4.17 2.99 
2.91 3. ?Q 3.51 3.76 
2.76 2.55 2. s5 
1.70 2.45 3. .so 
6.07 5.16 6. CM 
6.24 5.90 
0.10 
0.33 
1. IO 
2.89 
3.82 
3. Fo 4.10 
3.45 

- 

hap0 
rtlon. 

Ce. 
2.6 3.0 
3.0 
3.1 
2.5 2.2 
0.5 
0.7 2.9 
3.7 
4.1 
4.7 
4.3 
4.9 
4.1 
3. 5 
1.0 

?. 8 
3.2 
3.8 
4.0 
4 . 1  4.6 3.5 
2.4 
2.7 3.1 3. i 3.0 
2.0 
2.9 

2.2 
2.5 
3.0 
4.8 
4. 6 
4.7 
4.6 
4.6 

0.5 
0.0 2.0 
2.2 
3. 4 
3.2 3.1 3.5 

0. 
0.0 
1.6 
1.1 
0.5 
0.9 0.9 
0.7 
2.0 1.3 1.4 
1.7 
1. s 
1.R 1.3 
1. R 
2. 2 
0.7 

1.5 1.9 1.8 
1.6 
2. 1 1.1 1.5 

0.5 
1.1 
0. ’I 
0.5 
1.1 0.1 

1.5 1. ti 
1.6 
1.5 
1.5 
1 .5  

0.4 
0. I1 
0.2 
1. I 1. I 
0.7 
0. E 
0.7 

n. s 

1.a 

2. a 

._ 

Character of sky. 

Partly cloudv. 
Partly cloiid’y. 
Partly cloudy. 
FP;yy:loudy. 

Cloudy. 

Clear. 
Clear. 
Clear. 
Clear. 
Clear. 
Slightly cloudy. 
Slightly cloudy. 
Partly rloudy. 
Partly rloudv. 
Partly cloudk. 
SliKhtly clouhy. 

Slightly haw. 
Slightly hazi.  
Sliehtly hazy. 
Slightlv hazy. 
Slightiy Slightly hazy. hazy. 

Slightly hazy. 

;:ytyloudy. 
Cloudy. 
Cloudy. 
Partly cloudy. 
Partly cloudy. 

Clear. 
Clerrr. 
Clear. 
Clear. 
Clear. 
Clear. 
Slightly cloudy. 
Slightly cloudy. 

Slightly hazy. 
Slightly foggy. 
Slightly Sllghtly haw hazi: 

Cloudy. 
Cloiid . 
Rlightry cloudy. 
Slightly cloudy. 

Partly cloody. 

-- 
These data. plotted as ordinates, are re resented in 

figures 1 ancl 2. Each value is plotted a t  t B e end of its 
respective period along the abscissas. In figure 1 the 
vapor pressure deficit values are represented as dotted 
lines, wind relocity as clash lines, and evaporation as 
Zi hi! full  lines. The heavy full lines re~resent the pmduct 
09 vapor pressure deficit and wind velocity values. In 
figure 2 the graphs of eva oration are repeated in order to 
facilitate comparison wit{ air temperature (dotted lines) , 
relative humidity (clash lines) ! ancl radiation (dash-dot 
lines). 

Inspection of figure 1 shows a very good agreement be- 
tween the calculated evaporation (product of rapor pres- 
sure deficit and wind velocity) and that obtained from the 
atmometers. The effect of sudden changes in wind reloc- 
it,F are re isterecl in several cases. Air temperatures were 
employe in calculating the papor ressure deficits. The 
temperature a t  the evaporating sur ace of the atmometer 
is usually lower than that of the air, thus reducing the 
actual vapor pressure of the water particles escaping from 
the atmometer. This vapor is also lowered because the 

P d 
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water evaporates from an imbibing substance and not 
from a free water surface. From a consideration of these 
facts it is to be espectetl that in many cases t.he actunl 
evaporation values will he somewhat lower than the calcu- 
lated ones. In bright sunlight, however, when absorbed 

The average evaporation found in this series of experi- 
nients is 3.16 cc. per hour while that of the calculated is 
3.34 cc. The approximate nccurac of this sim le relation 
makes it possible to roughly calcu P ate wind ve P ority from 
atmometer. hygrometer, and temperature readings, or, to 

............ ..... .-.. 
5 

I .  
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...a .... ....... ................... :: 2 & 

1.L tl 

FtG. 1.-Graphs or values re wsenting evaporation from pornus-cup atmometers (Il~lit full linm calculated 
(heavy full pines), vapor pressure deficit (dotted lines), and wlnd veloclty (dasklmnes). 

evaporatlm 

radiant onerg - increases the temperature a t  the evaporat- 

eva oration values will become more nenrlp equal to and 
per K aps exceed those of the calculated. These facts, in 
part, account for some of the variations in agreement be- 
tween the graphs of evaporation from this type of atmo- 
meter and the graphs of the calculated evaporation. 

calculute the moisture condition of the atmosphere inde- 

metric measurements are available. It is to be remem- 
heretl, however, that these relations have been tested for 
n limited range of condit.ions only and whether such rela- 
tions will hold true for more estreme conditions has not 
yet heen worked out. In figure 2 the graphs of relative 

ing surface, t 2 us increasing the vapor pressure, the actual pendent of wind velocity when atniometric and anemo- 
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humidity and of evaporation deserve special note. The 
lack of relationship between the graphs of these two 
kinds of data is clearly seen and the employment of rela- 
tive humidity indepenclent of temperature is obviously 
of little importance in evaporation and transpiration 
studies . 

No attempt will be made a t  this time to show just 
why or how this approximate relation holds true or to 
discuss any evaporation formulas. The present purpose increase of altitude. 

INCBEASE OF PBECIPITATIOB WITH ALTITUDE.' 
BY ALFEED J. HENEY, Meteorologist. 

[Dated: Westher Bureau. Washington, Jan. 11,lcllQ.] 

Thirty-odd years ago, when the irrigation of arid 
regions in southwestern United States was first seriously 
considered, much embarrassment was caused by lack of 
definite knowledge as to the increase of precipitation with 
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FIG. 2 .4raphs of values representinq eva mtim lrom pomeup atmometem (full Ilnes) alr temperarnre (dotted 
lines). relative humhty (dash lines), and ''radiation" (dashdot line;). 

is to present the resu1t.s of a number of experiments that 
were rarrictl out with the object of testing this particular 
relation suggested b Livingston. This paper IS mainly 

how relative humidity and t,emperature data, together 
with those of wind velocity, may be used ap arently to 

help make a large aniount of the valuable data collected 
by the Weather Bureau more directly usdul to his par- 
t~culsr needs. 

intended for the eco P ogist. A suggestion is given as to 

as good advantage as eraporat.ion data. I his should 

1 0 8 2 6 8 - 1 M  

For the sake-of brevity, the relation between the in- 
crease in precipitation in connection with increasing alti- 
tude above sea lcrel will be referred to hereafter in this 
pa er as the " precipitation-altitude relation." 

fn  the absence of age records, various methods have 

the most conimon one being based on considerations of 
vegetal cover and topography. 

been used to interpo k ate the rainfall of higher altitudes, 

'Read Woretha drrodotion OlAmerhu Qeographars, Baltimore, Yd., Dee. !t7,1918. 


